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Abstract 

We present a calculation of the coupling constants in the massive spin-1 field chiral 
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1 Introduction 



At low-energies the strong, electromagnetic and weak interactions of the light- 
est pseudoscalar mesons can be described by an effective chiral Lagrangian || ||]. 
This Lagrangian depends on a number of coupling constants which are not fixed 
by symmetry requirements alone but are, in principle, determined by the dynamics 
of the underlying QCD theory. Recently, there have been attempts to derive the 
low-energy effective chiral action of QCD Q with and without the inclusion of 
the low-lying resonances. The lightest vector, axial-vector and scalar resonances 
play an important role in the determination of the low-energy interactions between 
pseudoscalar mesons in the context of chiral Lagrangians at 0(p 4 ) as shown in Ref. 

In this work we shall study the chiral Lagrangians for spin-1 particles to 0(p 3 ) in 
the chiral expansion, in the context of the extended Nambu-Jona-Lasinio (ENJL) 
cut-off model described in Ref. [IJ. In particular, we shall calculate the couplings 
of spin-1 particles to Goldstone bosons and external sources. As an application, we 
shall then predict the decay rates for the transitions V — > ii'-f, V — > titttt, V — > mr'-f, 
V -» V'j, V -> Vir, A -» 7T7T7r, A — > 7T7, A — > Vn and A — > Vj. Here V and 
A denote vector and axial-vector particles. We shall also discuss the vector meson 
dominance predictions for the 7r° — > 77* and — > 7r°7*7* — > 7i°e + e~ transitions. 
The paper is organized as follows. In Section ^| we give a brief summary of what 
is known about low-energy chiral Lagrangians from general symmetry requirements 
alone. In Section |3] we summarize some of the ENJL results found in Ref. [Q. In 
Section [| we shall then study the anomalous sector of the theory and in Section ^| 
the non-anomalous sector. Finally, in Section |6| we discuss the phenomenological 
applications to the decays involving spin-1 particles. The conclusions are given in 
Section ^. 

2 The low-energy chiral Lagrangians 

We shall give a summary of what is known at present about low-energy mesonic 
Lagrangians, from the chiral invariance properties of £qcd alone. In the pseu- 
doscalar sector, the terms in the effective Lagrangian £ e g with the lowest chiral 
dimension, i.e. 0(p 2 ), are 

= \ fo {tr {DJJD* t/ f ) + tr ( X f/t + tf x t) j (2.1) 
where denotes the covariant derivative 
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D^U = dfJJ - i(Vfj, + a^)U + ill (v^ - a M ) , 



(2.2) 



and £/ = exp 
mesons 



In Eq. 



\/2j$ 



an SU(3) matrix incorporating the octet of pseudoscalar 
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7T 



V6 J 



(2.3) 



Vn, a a are external 3x3 vector and axial- vector field matrices. In Eq. 



X = 2B (s(x) + ip(x)) , 



(2.4) 



with s and p external scalar and pseudoscalar 3x3 field matrices. In practice 

X = 2B M 



2.5) 



with Ai the 3x3 flavour matrix Ai = diag(m u , m^, m s ) which collects the light- 
quark masses. The constants fo and Bq are not fixed by chiral symmetry require- 
ments. The constant f can be obtained from n — ► pv decay @, 



/ ~^~93MeV. 
The constant i?o is related to the vacuum expectation value 

(0|g<ziO) k=MiS = -/ 2 5 (1 + 0(.M)). 



(2-6) 



(2-7) 



In the absence of the U(1)a anomaly, the SU(3) singlet rji field becomes the ninth 
Goldstone boson which is incorporated in the $(x) field as 



$(*) = -4^+ j& i. 



:2.8i 



The terms in £ e ff of 0(p A ) are also known. They have been discussed extensively 
by Gasser and Leutwyler 0. 
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We are interested in an effective Lagrangian C^ s which also incorporates chiral 
couplings of fields of massive 1~, 1 + and + states to the Goldstone fields. We shall 
restrict ourselves to the sector of spin-1 particles. The general method to construct 
these couplings was described a long time ago in Ref. @. An explicit construction 
can be found in Refs. and ||. As discussed in Ref. |J, the choice of fields to 
describe chiral invariant couplings involving spin-1 particles is not unique and, when 
the vector modes are integrated out, leads to ambiguities in the context of chiral 
perturbation theory to 0(p 4 ) and higher. As shown in ||, these ambiguities are, 
however, removed when consistency with the short-distance behaviour of QCD is 
incorporated. The effective Lagrangian which we shall choose here to describe spin- 
1 particle couplings corresponds to the so-called model II in Ref. ||. In this model 
the linear couplings of vector and axial- vector fields to the pseudoscalar mesons and 
external fields start at chiral 0(p 3 ). The most general Lagrangian for spin-1 
particles to lowest non-trivial order in the chiral expansion and linear in the spin-1 
fields for the interaction terms is then obtained by adding to in Eq. ( [2.1|) the 
vector Lagrangian 

"271 [fv tT ( V ^(+)) + Wvtr(V^,n)_ 

+ ia v tx(V^,f^ ) }) +/3 y tr(y M [e,x H ]) + i6 v tr (V^^) 

+ /^Wtr(Wej ( f)}) , 

V L J/ (2.9) 

and the axial-vector Lagrangian 

C A = - | tr ( A^Af* - 2M\A^) - ^ f A tr (A^ffi) 

+ ta A ti(A^ u ,f^]) + 7i 1} tr(^ee) + if tr {A„ 
+ 7 i 3) tr(A^) tr(eC) + lfti{A^) tr(£%,) 
+ h A e, va(3 ti(A^{e,ff ) }) • 

(2.10) 

The notation here is the following. We assume nonet symmetry for the spin-1 
particles, so that the spin-1 fields we consider are 
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w = vi 1 + vf 

A" = A% + Ai 



(2.11) 



where Vg 1 and A§ are SU(3)y octets while V-y and A^ are singlets. The vector field 
matrix Va'(x): 



( A + am. 



V 



p 



K*° 



(2.12) 



v/6 J 



represents the SU(3)y octet of spin-parity 1 -particles and the axial-vector field 
matrix A£(x): 



A%(x) ee 



( a 
72 



V 



L _|_ (/l)8 



V6 



V2 Vq 



(2.13) 



represents the SU(3)y octet of spin-parity l + -particles. The vector field matrix 
V x (x): 



(2.14) 



represents the SU(3)y singlet of spin-parity l~-particles and the axial-vector field 
matrix Ai(x) represents the corresponding SU(3)y singlet of spin-parity l + -particles. 
The vector and axial- vector field strength tensors are defined as follows 



and 



Afu/ — d^A u dyA^ . (2.15) 



Here, the covariant derivative d^ acts on the octet multiplets denoted by R$ as 
follows 
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d„R s = d„R 8 + [r M , R 8 ] (2.16) 
and trivially on the singlets. The connection is given by 

r M = \ {? [9, - Kv„ + a,)] £ + £ [d, - i(v, - a„)] e f } . (2.17) 
The axial-vector field matrix £ M is defined by 

& = * {C f [5, " *K + a„)] £ - £ ft* - • (*„ - a M )] ^} = if Dpi/? = # . (2.18) 



Finally, in Eqs. ( |2.9| ) and ( |2.10 ), we have also introduced the following objects 

X(±) = ?X?±&£, (2-19) 

and 

/5 = ei ? re t ±e t i f re, (2.20) 

with and -F^ the external field-strength tensors 

Ff = <9T - d v F - 1 [F, r\ , (2.21) 

F<£ = 0V - a"r^ - i [r", r"] (2.22) 

associated with the external left (Z M ) and right (r M ) field sources 

^ = - a M , r„ = w M + a M . (2.23) 

In this paper, we are also interested in couplings of vector and axial-vector 
quadratic in the spin-1 fields. The complete set of these quadratic interaction terms 
for vector meson fields, to lowest chiral 0(p 2 ), is 



+ J 4 6) tr + 2 * <f>v tr [K, /&] ) 

+ 2 ^Wtr(^{r,^}) . 

(2.24) 

The corresponding interaction terms for axial-vector meson fields are 



r (2) 



\ tr (fo, Vi A"]) + 1 5i 2) tr (L^, 6] [A", CD 

+ 1 4 3) tr ([A„ e] [A,, CD + 2 5i 4) tr (AM"U W ) + \ tr 

+ \ 5f tr (^ A^) + \ i^a tr /ft] ) 

+ i(7 A e^tr(^{e,A^}) . 

(2.25) 



At 0(p 2 ) there are also terms which mix axial-vector and vector fields. The corre- 
sponding interaction Lagrangian has the following form, 



,(2) 
-VA 



+ Btr(v,[A», X{ _ ) ]) + He^tr(v^{A\f^}) 

+ iZ^e^ aP tv(^{A a ,V^}) +iZWe„ 1/a ptr(^A^ a VP) . 

V 1 J/ V (2.26) 

In the present work we shall concentrate on processes involving spin-1 particles 
and we shall not consider possible spin-1 particle decays to scalar particles. When- 
ever scalar particles can contribute as intermediate resonances to these transitions, 
in particular for ai-decays, we cannot integrate them out since their masses are lower 
than those of the axial-vector particles and they have to be taken into account as 
propagating particles described by the corresponding Lagrangian. The effective La- 
grangian for scalar particles that may contribute to the transitions we are interested 
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in is of chiral 0(p 2 ). To this order, the most general Lagrangian for + -particles 
involving at most one scalar and two spin-1 fields is 



C s = \ tr (d^S d"S-M* S 2 ) + c m tr (S X + ) + c d tr (S^) 

+ CWtx(S{A lx ,e}) + lc^ti(SA^A^) + ^Dtr(SV%) . 



(2.27) 



Here, the 3x3 field matrix S represents the SU(3)y nonet of scalar fields. The 
chiral 0(p 2 ) couplings c m and ca in the ENJL cut-off model have been calculated in 
Ref. 0. 

3 The ENJL cut-off model of QCD 

Reference |J gives a systematic study of the low-energy effective action of the 
extended Nambu-Jona-Lasinio model which, at intermediate energies below or of 
the order of a cut-off scale A x , is expected to be a good effective realization of the 
standard QCD Lagrangian £qcd- Here we give a brief summary of the results found 
there. The Lagrangian in question is 



C 



QCD 



r A x , £S,p £ v,a I l 

''-QCD ^ ^NJL ^ ^NJL I 



with z& ^^ S^ 



c X 1,3 



lQr) 



and 



(3.1) 



r V,A 
^NJL 



i-.i 



Where i,j are flavour indices and = \ (1 ± 75) The couplings Gs and GV are 
dimensionless and 0(1) in the l/iV c -expansion. In the mean-field approximation, 
these £njl V ' A above are equivalent to the constituent chiral quark- mass term j|: 



-M Q (q R Uq L + q L U^q R ) 



(3.2) 



In the presence of this term it is useful to introduce new quark fields Ql and Q R , 
which we call "rotated basis", or constituent, chiral-quarks M, defined as follows 
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Ql = Q l = 

Qr = &qR\ Qr = Qr^- 



(3.3) 

R 



In the rest of this Section we shall work in Euclidean space for convenience, and we 
shall adopt the conventions given in Ref. Q. The effective action, in the presence 
of external sources Z M and r M and light-quark-mass matrix M. , can be written as [|TJ 



e r eff (if,£ ) W±;^,7 V ,.M) 

CP ( N A 2 N A 2 

[PG,] ex P r s (^,M) , 

(3.4) 

where W^(x) and H(x) are 3x3 auxiliary Hermitian field matrices which under 
the chiral group transform as 

W±^h($,g LtR )W±h!($,g L , R ), 

H^h($,g L>R )Htf($,g L;R ), (3 ' 5) 

where h($, gi,,R) = his the compensating SU(3)y transformation which appears un- 
der the action of the chiral group G = SU(3)l x SU(3).r on the coset representative 
of the G/SU(3) y manifold, i.e. 

Z(<S>)^g R £($)tf = h£($)gl, (3.6) 

where £($)£($) = U in the chosen gauge. In the mean-field approximation these 
field matrices are replaced by 

h=>m q i, 

w^o. (3 ' 7) 

In Eq. ( |3.4| ) we have used the short-hand notation 

/ 1*2-1 \ 
[V G»] = V G, exp (-- £ G$G$ I (3.8) 
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with GJj the gluon field strength tensor and 

expr E [Ap,M) = JvQVQexpJ d 4 xQD E Q = detD E (3.9) 

where D E is the Euclidean Dirac operator 

D E = 7/ ,V„ + M = ^(dy + Ay) + M (3-10) 



with 



and 



Ay = iGy + Ty- ^75 - W-) - 
M = -if - J (E - 75 A) 

E = gMtf + e^U; 
A = - £M^- 



(3.11) 



(3.12) 



In Eq. ( |3.11| ) Gy is the gluon field matrix in the fundamental SU(iV c ) representa- 



tion and the connection Ty and axial-vector field £ M are given in Eqs. (|2.17 ) and 



(J2.18[) . In our calculation of the fermionic determinant we shall disregard the glu- 



onic corrections due to fluctuations below the cut-off scale A x and shall consider a 
model that is more like the first alternative envisaged in Ref. [0], where the formal 
integration over gluon fields has been done in the path-integral of the generating 
functional for Green functions. Our choice here is motivated by the fact that the 
results obtained within this alternative in Ref. for the couplings of the low-energy 
chiral Lagrangian to 0{p i ) are not qualitatively different from those obtained in the 
same Reference when the effect of long-distance gluonic interactions was taken into 
account. 

In Ref. it was pointed out that the effective action in Eq. ( ^.4[ ) obeys the 
following formal symmetry: the effective action T E (Ay, M) with Ay and M given in 
Eq. ( |3.11|) can be written formally as the mean-field approximation expression cor- 
responding to external sources ly and r M and light-quark-mass matrix M. redefined 
as follows, 
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M 



(3.13) 



Here, 

a = H - M Q 1 (3.14) 

is a + -field matrix. We shall use this formal symmetry in the following Sections. 

Once the quarks and gluons in the effective action in Eq. ( |3.4| ) are integrated 
out (see Ref. [|IJ), one can get the correct kinetic term for spin-1 particles after two 
steps. The first one is the diagonalization of the quadratic form in £ M and that 
defines the constant gA, i.e. 



WW-WW + (1 -g A )^. (3.15) 
The second one is a scale redefinition of the fields and W^~\ i.e. 



fv T rr(+) A f- 



that introduces the physical vector and axial- vector fields and A^. All the cou- 
plings of the low-energy effective action can then be obtained as functions of three 
parameters only, gA, Mq and A x . The 0(p 3 ) couplings fv, gv and Ja have been 
already calculated in Ref. with the results to leading 0(N C ), 

fv = if?§ r(0 ' x) ' /i = ii^^#[ r (o^) - r(i,x)) , 

9v = 16^379 [(1 -^ )r(0 ' x) + 2 ^M\ • (3 ' 17) 



Here, 



x 



Mi 



Q 



A 2 

x 



(3.18) 
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and the function T(n,x) is the incomplete Gamma function 



oo 



T(n,x) = I ^fe- z z n , 7i = 0,l,... 

'- z (3.19) 



X 



The correct kinetic term for + -particles is obtained after a scale redefinition of 
the a field in Eq. (|3.13|) , i.e. 



S = \s<j , 

(3.20) 

that introduces the physical + -field S. The constant Xs was calculated in this 
model in Ref. HJ, 

A|= I ^l[3r ( o,x)-2r ( i,x)]. 



In the present work we want to calculate the rest of the 0(p 3 ) couplings in the 
Lagrangians in Eqs. (|2~9l) , (|2.10|) and ( |2.27|) as well as the 0{p 2 ) couplings of the 



interaction Lagrangians in Eqs. (|2.24j ), (|2.25 ) and fl2.26j ). We shall later study some 



of the phenomenological applications of our results. We first consider the terms that 
carry a Levi-Civita pseudotensor, i. e. the abnormal intrinsic parity terms [|H|] . 

4 The anomalous sector 

Here we are concerned with the imaginary part of the effective action. The lowest 
order Lagrangian in the abnormal intrinsic parity sector describing the interaction 
of pseudoscalar mesons and external and sources is the one given by the Wess- 
Zumino (WZ) effective action [0, |TJ. The 0(p 6 ) imaginary part of the effective 



action has been obtained in Ref. [10 in the mean-field approximation of the model 
we consider here. Using the formal symmetry in the ENJL cut-off model described 
above in Section |3|, we can obtain to 0(p 3 ) the abnormal intrinsic parity interaction 
terms for spin-1 particles from an effective action that formally has the same ex- 
pression as that of the WZ action but with the external sources and r M replaced 
by the primed sources in Eq. ( |3.13| ). 

The WZ effective action [[□], has the following explicit form in a scheme where 
vector currents are conserved: 
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S wz [U, I, r] = - JL&j / da««™ tr (sf ^ Sf E£) 

(4.1) 

"i^/ d ' xe ^ (W(U,l,r)^ - W(l,l,r)^) , 

where 

W(U,l,r)^= ti(ui^l v l a Wr p + \ui^r v Ul a Wr p + iUd^l v l a Wr p 
+ id^r v Ul a lPrp - iEil v Wr a Ul p + E L ^d v r a Ul p 
-E L ^E L u Wr a Ul p + T%l v dJ p + E^dJJp 

— iE%l v l a lj3 + ^ ^> ^ S a ^ - i E^ 

— (L <r+ R) 

with E^ = Wd^U, E* = U d, t W and e i 23 = 1 . 

(4.2) 

Here, (L <-» R) stands for the interchanges 

U~U\ l.^r,, El^E*. (4.3) 

The first term in Eq. (|4. 1|) is an integration of an antisymmetric SU(3)l x 
SU(3)# invariant fifth-rank tensor that does not contain external sources over a 
five-dimensional sphere whose boundary is four- dimensional Minkowski space [|T2]j . 

We can now show how the formal symmetry of the ENJL cut-off version of QCD 
explained in Section ^ works. As an example we are going to calculate the term 
that is modulated by the coupling constant hy in Eq. ( |2.9| ). We can write down the 
interaction Lagrangian linear in the field as 

Cf <+) = tr (W^r) . (4.4) 

To obtain the current J M , first we calculate the left (L^) and right anomalous 
chiral currents from the WZ effective action above, i.e. 
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eg 

jji — wz = j^p _|_ non _ c hi ra ny covariant polynomial 

in external sources , 

~ SS (4-5) 
ftp = wz = ftp _|_ non _ chiraiiy covariant polynomial 

of p. 

in external sources . 



The anomalous currents V 1 and i? M have the well known structure |L3|, [LJ] which 
consists of a chirally covariant part (Z/ and R^ 1 ) that is scheme independent and a 
non-chirally covariant polynomial in external sources that depends on the scheme. 
Of course, the physics is contained in the chirally covariant part and does not change 
with the scheme. It is then easy to see that the current we want in Eq. (|4.4j ) can 
be obtained as follows, 



J" 



1 



(4.6) 



-> r p 



The result we get for the term we are interested in is 



= W +) {3& - 2WH,/W}) . (4.7) 

As was explained in Section |^, to obtain the interaction Lagrangian of the physical 
vector field from we have to perform the shift in Eq. Q3.15Q and the scale 

redefinition in Eq. fl3.16j ). These two operations introduce the couplings gA, fv and 
j \ which collect the information of the underlying theory that has been integrated 
out. The Lagrangian that we obtain then for the term we are considering is 

After performing the same kind of calculations as in the example above, for the 
other abnormal intrinsic parity terms in Eqs. ( |2.9[ ), ( [2.10| ), Q2.24| ), ( |2.25| ) and ( p.26j ) 
we get the following results for these couplings: 
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^ = ^^, ^ = ^1 (1-2(1-00), 



- ^ c H _ _ N c g A 

7(1) - jVc + jiA ~ 9a) 7(2) _ N c gAp- + gkf 

~ mP vUUv ' ~ i2f A fv 



(4.9) 



We therefore find that these couplings, in the ENJL model we are considering, are 
completely fixed by the constants fy, Ja and g A - This is due to the fact that 
the terms in the abnormal intrinsic parity sector for the interaction of spin-1 fields 
with pseudoscalar mesons and external sources to chiral 0(p 3 ) and the WZ effective 
action come from the same formal expression. 

From the expressions in Eq. ( f4.9| ), we find relations between the various couplings 
that are independent of 5% 

hy = fv 

hA = lA ( 4 - 10 ) 

a * V2' 



These relations appear because of the formal symmetry between the expression 
for the mean-field approximation effective action and the effective action including 
spin-1 particle fields explained in Section |3|. Because of that symmetry we have, for 
instance, that in the effective action fj£> and V^ v always appear in the following 
combination 

fP + ^Vr, (4.H) 
Jv 



therefore the couplings cry and hy are related as given in Eq. ( 4.101) . 



The abnormal intrinsic parity couplings involving spin-1 particles have been con- 
sidered in the literature in the context of different models [|I5|| -||18|. A common 
feature of these models which differentiates them from the ENJL cut-off model we 
are studying here is that the spin-1 particles are introduced there as the gauge bosons 
either of a hidden local symmetry |15| [Tj| or of the U(3)l x U(3)r chiral symmetry 
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17]. The derivation of the models in Refs. [I5|-[I7| from an ENJL model in the 
presence of the chiral anomaly is studied in Ref. In this Reference, special at- 
tention is given to the equivalence of these models for the physics in the anomalous 
and non-anomalous sectors of the theory. The most interesting of these models is 



the so-called Hidden Gauge Symmetry (HGS) model [15, [IB]. In this model, vector 
mesons are the dynamical gauge bosons of a hidden local U(3)y symmetry of the 
chiral Lagrangian. Ref. |16| gives the general solution for the chiral anomaly in 
the presence of vector mesons when considered as gauge bosons. The solution is a 
linear combination of six invariants which, in general, introduce interaction terms 
between Goldstone bosons and external sources apart from those contained in the 
WZ action. It was also shown there that these new interaction terms do not change 
the low-energy theorems for 7T° — > 77 and 7 — > mm transitions. The ENJL model 
we consider here does not introduce any coupling between Goldstone bosons and 
external sources apart from those in the WZ action. Thus, in order to compare 
both models, we shall require that the linear combination of six invariants which is 
a solution of the anomaly in the HGS model does not introduce couplings between 
Goldstone bosons and external sources apart from those in the WZ action. In this 
limit we have that the following relation, already found in the ENJL model in Eq. 

hy _ fy 

a v V2 (4.12) 

is also present in the HGS model. In the same limit one also finds the following 
relation in the HGS model 

Oy = 2 

' (4.13) 

which in the ENJL model is only true for a particular value of the coupling. This 
value is a solution of the following equation, 

5 " 79A " 91 ~ 91 = ° (4.14) 



and is g^ — 0.63 . (The other two solutions are not real.) 

5 The non-anomalous sector 

We shall next study the real part of the effective action, i.e. the non-anomalous 
sector of the theory. This sector can be computed in the ENJL cut-off theory pro- 
posed in Ref. [|l[], as was shown there, with the help of the heat kernel expansion 
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2"U| . We shall use the formal symmetry stated in Section |3] as we did in the anoma- 
lous sector in Section £|. Therefore to obtain the effective action in terms of the 
spin-1 fields we only need to calculate the effective action in the mean-field 

approximation limit and replace the external sources by the primed external sources 
in Eq. ( |3.13| ). (For a summary of the main technical details and notation see Ref. 
H].) As explained in Section from this effective action we can get the effective 
action involving the physical spin-1 particle fields and by performing the 
diagonalization and scale redefinition in Eqs. ( |3.15| ) and ( |3.16j ). 



Within this approach we calculate the non-anomalous couplings of spin-1 particles 
to pseudoscalar mesons and external sources at leading 0(N C ) for terms that are 
linear or quadratic in the spin-1 particle fields and to chiral 0(p 3 ). The results for 
the couplings in the Lagrangian in Eq. (|2.9|) are 



"^-lo^W^ '^"^ 1 '^' 

^ = -l^TW^ r(0 ' x) + r(1 ' x) ] (5.1) 

- M Q 
with p = -jj^ . 



For the couplings in the Lagrangian in Eq. (|2.10|) we get 



- 2(1 - 2g\)T(l,x) - 2g\T{2 : x)\ , 

^ = -T^#f[(i-^)rM <5 ' 2) 

- 2(1 - 4g\)T(l,x) - *g 2 A T(2,x)] , 
7 i 3) = 0(l/y/TQ and 7 i 4) = 0(l/y/7Q . 



For the couplings in the Lagrangian in Eq. ( |2.24| ) we get 
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N, 



? Tn~Fx [(2 - 3^)r(o,x) + 7<flr(i,x)] 



16n z 12/, 



46 



(2) 



45 



(3) 



c(5) 
V 



4 4) = 0(1/AQ 



v = [r(o,x) - r(i,x)] 



16^ 3# 



For the couplings in the Lagrangian in Eq. (|2.25|) we get 



x(l) 
°A 



^iffeK2-3^)r(o,«) 



5i 4) = C(l/iV c ) 



;(5) 



- 4(1 - 6g 2 A )T(l,x) - 12^ F (2,x)] 
if? 12/J [r( °' x) ~ 8r(1 ' x) " 4r(2 ' x)] 



I ^^[r(o,x)-8r(i,x) + 4r(2,x)] 



s * = m?W A [r(0 ' x) ~ 4r(l5;E) + 2r(2 ' x)] 



For the couplings in the Lagrangian in Eq. (2.26) we get 



_|^ [rM _ 2 r(i,.)], 



A m = A m 

A<?> = - 



Finally, for the couplings in the Lagrangian in Eq. ( 2.27Q we get 
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C« = -^c d 

JA 



C(2) 



7; 



c d 



with 



s 



(5.6) 



D = 0. 



From the expressions in Eqs. (|5.1] )-( p^B| ) we can obtain the following relations that 
are independent of g^, 

ay ay _ Ja_ 

_ fv_ 

A® ^2 (5.7) 



_ _ _L 



A 



which are also due to the formal symmetry explained in Section ^, like the relations 
inEq. gJOp . 

6 Phenomenological applications 

In this Section we shall discuss some phenomenological applications from our 
calculations. In the whole following analysis we shall work in the chiral limit, i.e. 
M. — > 0. Therefore, we shall disregard possible u>s — p° and r]s — vr° mixings, which 
are proportional to light-quark masses. In addition, the operators that generate 
these mixings are order 0(p 4 ) in the chiral expansion | 21| . Here we shall use the 
coupling constants we have calculated in the previous Sections in the ENJL cut-off 
model to make predictions on a large variety of processes where spin-1 particle 
are involved (anomalous transitions, radiative decays, • • •). The radiative decays of 
vector mesons in the context of Zweig's rule and explicit SU(3)-symmetry violation 



induced by a non-vanishing strange-quark mass was considered in Ref. |22| in the 
non-relativistic quark model. The different coupling constants appearing there were 
fixed from a fit to experimental data. Phenomenology involving spin-1 particles has 
been discussed before within different approaches. See for instance Refs. [p2|- [E7]]. 



6.1 Vector resonance decays 

Here we shall discuss the predictions for vector particle decays. As was already 
mentioned in Section 0, in the ENJL model we are considering, all the couplings can 
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be written in terms of three parameters, namely gA, Mq and A x . The coupling g& 
was defined in Eq. ( |3.15| ) and in this model takes the following value [|IJ 

We shall choose for gA, Mq and A x the values that are obtained from fitting the 
0(p 2 ) and 0(p 4 ) couplings of the chiral Lagrangian |IJ, i.e. 

M 2 

g A = 0.65 , x = -r& = 0.06 and M Q = 260 MeV . (6.2) 

x 

These values correspond to fy = 0.17, gy = 0.083 and Ja = 0.080. 

For the vector mixing uo — <fi we use the ideal angle, i.e. tanyv = l/\/2 and for 
the pseudoscalar mixing we use tanyjp = — 1/2 v2. In both cases we assume nonet 
symmetry. The diagonalized u, <fi, rj and rf states in terms of the SU(3) octet and 
singlet states in Eqs. Q, (p|), (gT2|) and ( fEU)) are 



r/ = cos^p ?7i + sin^p r] 8 , 
r] = - sin (f P r]i + cosy?p ?78 , 

(6.3) 

UJ = COS <£>y OJi + Sin </9y Co> 8 , 
= — Sin <£>y CJx + COS ify UJg ■ 



First we shall study the decays V — > P7 (P — * V7), for which the Feynman 
diagrams are shown in Figure [I]. The amplitude for the V — > P7 decay is given by 
the expression 



A(V-P(p) 7 (A;)) = C V p 7 4|e|^2^e Mi/ ^£{ t 7) r£^ ) p^ 



1 + .pi fvvv k 2 

V h-V My, - P - iMyYy, 



(6.4) 



Here, CVp 7 is an SU (3) -light-flavour symmetry factor that relates the different am- 
plitudes. The different values for this factor and the intermediate resonance V 
appearing in Eq. ( |6.4| ) f° r eac h process are given in Table [I]. We denote the po- 
larization pseudovector corresponding to the particle V by e?yy The decay rate 
corresponding to the amplitude in Eq. (|6.4j ) is 
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r(v -> P7) = (a 



VP71 



-3 ^ A 



f 

J 7T 



X 



1 + 



m 2 P k 2 
Mj'Mj 



2 k 



My, - k 2 - iMyiYy, 



(6.5) 



with a 



ib^ and 



X(x,y,z) 



x 2 + y 2 + z 2 — 2 xy — 2 xz — 2yz . 



(6.6) 



Table 1: SU(3)-symmetry factors (Cyp 7 ) and intermediate resonance (V) for the 
V — > P7 (P — >■ V7) decays. 



Process 


Cyp 7 


V 


P — >■ 7T7 


1/3 


L0 8 


— > 7T°7 


1 


P 


P° — > 777 




P 


W — > 777 


V^/(3V3) 


UJ 8 


77' — > p°7 


1 


P 


77' — > CJ7 


1/3 


UJ 8 


— > 7T°7 





p° 


-> r^7 


2/(3^3) 


L0 8 


-> 77'7 


-2V2/V3 


UJ 8 




2/3 






1/3 





The decay rates for the 10 and p° vectors can have contributions from a possible 
u 8 — p° mixing. In addition, the amplitude for p — > 7c-f has a sizable contribution 
from the absortive part of pion and kaon chiral loops (see Figure ||]). (For the 
other processes this contribution is negligible.) We have taken into account this last 
contribution which has the following expression 



T(p -»■ 7T7)| 



ag 2 v M l p 



Abs 



(768 V6) 2 vr 6 fl 



10 



M 2 



1 - 



~Ml 



(6.7) 
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The predictions listed in the column Prediction 1 in Table ^ correspond to the 
values of gA, Mq and x in Eq. (|6.2| ). The worst results in this column, taking 
into account the experimental errors, are for the decays <fi — > 777 and K* + — > K +r y 
which are between 4 and 6 standard deviations (a) from the experimental value. 
These disintegrations, however, can be explained with the inclusion of explicit chiral 
symmetry breaking terms proportional to the strange-quark mass as shown in the 
non-relativistic quark model in Ref. p2[ . The predictions for the other processes 
are less than 2 a from the central experimental values. The processes p° — > 7r°7 
and uj — > 7r°7 are likely to be influenced by a possible u$ — p° mixing. All the 
predictions for the transitions in Table ^| are made in the chiral limit and depend on 
two couplings, hy and gy] in fact the constant gy only affects to p — > ttj decays and 
its contribution is not dominant. We refrain from doing a fit of the experimental 
results since all the amplitudes are related by SU(3)-symmetry factors (up to the 
small part proportional to gy in p — > 777 decays) and higher order chiral corrections 
for these processes are very different for each of them. 



Table 2: Partial widths in keV corresponding to V — » P7 and P — > V^j decays. 



Process 


Prediction 1 


Prediction 2 


Experiment 


p+ — > 7T + 7 


58 


( f ) 


68 ± 7 


p° -> 7T°7 


58 


68 


120 ± 30 


UJ — > 7T°7 


452 


546 


717 ± 50 


p° — > 777 


35 


42 


58 ± 11 


u; — > ^7 


3 


4 


4 ± 2 


-> 777 


75(*) 


91(*) 


57 ± 3 


77' — > p°7 


41 


50 


59 ± 9 


77' — > CJ7 


4 


5 


6 ± 1 




110(*) 


133(*) 


116 ± 12 


K*+ -> /sT+7 


28(*) 


34(*) 


50 ± 6 



^) Input to fix gA (gA = 0.76). 

{*) These processes get contributions from explicit chiral symmetry breaking terms 



proportional to the strange-quark mass [E3 



Instead, the most reliable prediction is for the p + — > 7r + 7 decay because is not 
affected by neutral particle mixings and the explicit chiral symmetry breaking is 
small. All the other transitions are either affected by mixings or by sizable explicit 
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chiral symmetry breaking effects. The agreement between the result for the p + — > 
7r + 7 decay in the column Prediction 1 and experiment can be improved by using 
either a larger value for gA or a smaller value for fy {i.e. a larger value of x) or 
both. Given the poor knowledge of the parameter g& and the rather good value for 
fy we are using (fy = 0.17 compared to the experimental value fv\ exp — 0.20), we 
shall fix the value of fy to fy = 0.17 and fix from the decay p + — ► 7r + 7 the value 
of gA- We find then = 0.76. So that, this value of gA leads to hy = 0.033. 
We shall use this value to see how the predictions in Table [2] vary with gA- The 
corresponding results with g& = 0.76 are in the column Prediction 2. We find that, 
in general, the results are improved, except for the decay — > 777 which is now 10 a 
from the central experimental value. However, as was already stated, this decay rate 
is very sensitive to explicit chiral symmetry breaking. The prediction for the decay 
uj — ► 7r°7 improves but is still 3.5 o from the experimental value which probably 
means that the cjg — p° mixing is likely to be important. 

Next, we shall study the predictions for the V — > ttitit decays for which the results 
can be found in Table |||. The Feynman diagrams for this process are shown in Figure 
|[ The amplitude for ui — > tt + it~tt has the form, 



A{u -> 7r + (pi)7r-(p 2 )7r°(p 3 )) 



6\/2 a *ii v „q J3 

—ft Vy p 1 p 2 p 3 

J IT 



4 V2 gyoy \- 

*)J=l|2,3 P 



iM p T p 



(6. 



with pij = Pi + Pj. The amplitudes for p — > tttttt decays vanish at lowest order. 
The decay rate for uo — > 7i + 7i^ir° is 



T(0J — > TT 7T 7T 



384 it M, 



^3— Ue + Ue_Y.\a 

* M U J J pol 



(6.9) 



with E± = E n + ± E n -. The limits in Eq. (|S.9|) are given by 



M,„ - m„ 



M w , 3< 

~ir + 2M„ 



+ Ml - 2x - 2 (il4 2 o 7 



ml + Ml-2x-2(MU 



"270: 



r 2 

'7r°7r- 



(6.10) 
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with 



(M 2 n0n 



1 



2N2 



[Ml - ml) 



min(max) 8(7< + X, 

\ l ' 2 (2(ml + x),ml, ml) + (-) \ l '\Ml ml, 2(m 2 + x)) 



, . _ M 2 + mi 
x=p 1 -p 2 = M U E + ^ — * 



(6.11) 



Table 3: Partial widths in keV corresponding to V 
and V — > W decays. 



TTTTTT, V -> PlP 2 7, V -> 



Process 


Prediction 1 


Prediction 2 


Experiment 




6.8 ■ 10 3 


7.5 ■ 10 3 


(7.5 ± 0.1) ■ 10 3 


P° — > 7T + 7r _ 7T 








< 20 


p+ — > 7r + 7r~7r + 










p+ — > 7T + 7r°7 


31 


29 




P° — > 7T + 7T _ 7 


4 


7.5 


( # ) 


p o ^ 7r o 7r o 7 


0.5 


0.7 




p° — > 7r r]7 


2 • 1(T 5 


3 • 10~ 5 




UJ — > 7T + 7r _ 7 


0.16 


0.23 


< 30 


a; — > 7r°7r°7 


0.08 


0.12 


< 3.4 


w — > 7T°?77 


5 • 10~ 4 


7 • 10" 4 




-> FV°7 


4 ■ 10~ 9 


6 ■ 10~ 9 




w — ► p°7 










— > 077 








< 220 


-> p°7 








< 90 


(f) — > Co>7T 











(*) This transition is dominated by bremsstrahlung off pions. In Ref. [28 an upper 
bound of 0.76 MeV is given for the structural bremsstrahlung. 



The results in the column Prediction 1 in Table [5] are for the input values of g^, Mq 
and x in Eq. ( |6.2|) . Here, the experimental knowledge is very limited and there exist 
just upper bounds for several of the transitions. Only the decay rate for uj — > 7r + 7r _ 7r° 
is known. In our model, this amplitude depends on the coupling constants 6y and 
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ay. With the value of qa from p + — > (gA = 0.76), our predictions are those in 
the column Prediction 2 in Table |3|. 

We next proceed to the study of the V — > P1P2I decays. The predictions we get 
for them are also shown in Table ||] and the corresponding Feynman diagrams shown 
in Figure |J We shall study first the decays with charged pseudoscalar mesons in 
the final state. The amplitude we obtain for the p° — > 7r + 7r~7 decay is 



A(p°^n+( Pl )n-(p 2 Mk)) = 2V2\e\tfe^ (e« K - #) * M ) ( Pl +p 2 Y ; 

J IT 

(6.12) 

for the p + — > 7r + 7r°7 decay, 

A{p+ _ 7r+(pi)7r o (p2h(A;)) = 2v ^| e |«y^ (eW^-eWfc, 



x 



rf- , ,/o 9v <t>v (Pi + P2) 2 (P2 - Pl Y 

P2 + V a v M-i-fa+ny-iM^ 



(6.13) 



and for the to — > 7r + 7r 7 decay, 

A( W -.7r+(p 1 )7r-(p a ) 7 (fc)) = - ^H^e^efw^,^)*- 

x (rt(^ + fc )°^ A< - (P2+ V-»M P r p + ■ 

The amplitudes corresponding to the decays V° — > P°P°7 are 

A( yo _> P o (pi)P o (p2)7(A;)) = _^ pp7l6 ^| e |^ e ^/ 6cd£ y ) ^ )A; d 



(6.14) 



f 

■-/ JT 



X ( K (P2 + k) a p b 2 jji -j™ — + . 



Pi <-> £>2 
// 



(6.15) 



The SU(3)-symmetry factors Cypp 7 and the intermediate resonances V and V" are 
listed in Table f|. 

The decay rate for all the V — > P1P2I decays can be written as follows 



pol 
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Table 4: SU(3)-symmetry factors (CVpp 7 ) and intermediate resonances (V, V") for 
the V° -»■ P°P° 7 decays. 



KTT1PPCC 


^VPP'y 


I/' 


V" 

V 


p° -> 7T 7r 7 


1 


u; 


UJ 


— > 7r°7r°7 


1/3 


P° 


p° 


p° — > 7T°?77 


^2/(3^3) 


P° 


,u 


UJ — > 7T°?77 


V2/V3 


u, 


P° 


— > 7r°7r°7 





P° 


P° 


— > 7r r]7 





uj, 


P° 


-> is: ^ 


-V2/3 


K*° 


K*° 



with E± = Ep 1 ± £7p 2 . The limits in Eq. ( |6.16|) are given by 



fJr \ _ M f jp \ _ My , (m Pl +m Pa ) 2 

l^+Jmax — l^+Jmin — ~~ "T 2~My 

_ m Pi -m| 2 +M 2 -2x-2(M 7 2 P2 ) miii 

I, J-J— ) max 



m Pi — m 



2M V ' (6.17) 

4 +M 2 -2x-2(M 2 p 2 ) ] 



max 

2Mv 



with 



\ T p 2/min(max) 4(m Pl + m| 2 + 2x) L V ^ P 2 P i > 

- (\ 1/2 (m 2 Pl + m 2 P2 + 2x, m 2 Pi ,mp 2 ) + (-) X 1/2 (M V , 0, m\ + m Pa + 2a 

My + m Pi + m\ 
x = pi ■ p 2 = M V E + - rp °- . 

(6.18) 

For the transitions with two identical particles in the final state there is an additional 
factor 1/2 in the decay rate in Eq. ( |6.16| ). The amplitudes for the uj — > p°7, <f) — > ujj, 
(f) — * p°7 and <fi — > ujtt decays are zero at lowest order. 

Up to now we have considered the uj — <p mixing angle to be ideal. The <fi — ► 7r°7, 
cf) — > p + 7r~, — ► 7T + 7r _ 7r° and — > P°P°7 decays are proportional to the deviation 
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of the actual u — mixing angle from the ideal one. The effect of a small deviation 
on the other vector decays studied before is not sizable. We define the deviation 
of the u — cf) mixing angle from the ideal one as the difference 



e = ip v - cp, (6.19) 

where ip is the physical uo — mixing angle and p>v is the ideal mixing angle. The 
amplitude for — > p + ir~ we obtain is 



A((p p + ( Pl )n (p 2 )) = e j^ a v tfivap £ Pi £( p ) T>2 



(6.20) 



jiving the following decay rate 



2 , M- 



3 



e 2 cr 



t A 3/2 




^ y 7f VKMr (6-2i) 



The amplitudes for the other transitions which are proportional to this deviation 
can be easily obtained by multiplying the corresponding transition amplitudes of 
the uj vector by a factor e. The decay rates are the corresponding ones obtained by 
changing the to vector parameters by the <fi vector ones. We can predict this deviation 
if we assume that the measured partial widths in Ref. for these transitions come 
only from a non-ideal mixing. First, we shall use the set of parameteres in Eq. ( |6.2j ) 
for the input values of g^, Mq and x. From <fi — > tt°j we then obtain the following 
result 



e 2 = (5.7 ±0.8) ■ 10" 3 , (6.22) 

and from — > p + 7i~ 

e 2 = (7.6 ±0.5) • 10" 3 . (6.23) 

Using the average of these two results we predict the decay rates for the vector 
that are in the column Prediction 1 in Table [5| 

If instead, we use the value of qa = 0.76 found above from the decay p + — ► n + j 
then, from — ► 7T°7, we obtain 

e 2 = (4.8 ±0.6) • 10" 3 , (6.24) 

and from — ► p + 7i~ 
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Table 5: Partial widths in keV corresponding to 0-decays assuming non-ideal oj — 
mixing. 



Process 


Prediction 1 


Prediction 2 


Experiment 


— > 7T°7 


( f ) 


( f ) 


5.8 ± 0.8 


— > p + 7T~ 


0) 


( f ) 


570 ± 40 


— > 7T 7T~7 


6 • 10~ 2 


7 • 10- 2 


< 30 


— > 7r 7T°7 


3 • 10- 2 


4 • 1(T 2 


< 4.4 


— > 7r r]7 


1.5 • 1(T 2 


1.8 • 1(T 2 


< 11 


— > 7T + 7r-7r° 


65 


60 


106 ± 42 



(t) These data have been used as input. 



e 2 = (6.3 ±0.5) ■ 10~ 3 . (6.25) 

Using the average of these two new results we predict the decay rates for the vector 
that are in the column Prediction 2. The only decay rate that has been measured 
in Table || is 1 a from our predictions. 

6.2 The decay tt ^) -> -f£ + £~ 

Here we shall study the process 7r°(?7) — > 77* (and the related one e + e~ — > 
uj,p° — > 7r°7) in the limit of complete vector dominance, z.e. assuming that the 
0(p 6 ) couplings are saturated by the contribution coming from integrating out the 
spin-1 particles as is the case for the 0(p 4 ) chiral Lagrangian couplings 0. The 
amplitudes for these processes acquire a dependence on the invariant mass of the 
off-shell photon from chiral 0(p 6 ) terms. Thus, one can define a slope parameter as 
follows, 

^ U(P ^7W A(P ^ r) Lo (6.26) 

which is independent of the pseudoscalar meson P. The slope p has been measured 
in the 7r° — > je + e~ transition with the following result 

p = (1.8 ±0.14) GeV" 2 . (6.27) 

It has been also measured in the 7] — > r ye + e~ transition and the result is 
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p = (1.4±0.2)GeV~ 2 
The weighted average from both results is 



(6.28) 



P 



'1.68 ±0.2) GeV 



(6.29) 



Theoretically, the slope p has two kinds of contributions. One from chiral loops (see 
Figure |^) and the other from the exchange of vector mesons (see Figure |5|). The 
result we obtain in the ENJL model is the following 



P 



Af + Ml 



(6.30) 



where Af = 3.57 GeV 2 is the contribution from the chiral loops which has been 
estimated in Ref. The dependence in Eq. ( p.3U ) on the coupling qa comes 

from the combination of vector couplings fyhy. If we take for the parameters in Eq. 
(|6.30|) the ENJL predictions obtained with the choice in Eq. (|6.2j) , i.e. My = 0.8 
GeV and Qa = 0.65 JD], then we get 



P 



1.48 GeV" 



(6.31) 



to be compared with the experimental result in Eq. ( 6.29Q . If instead, we take 
qa = 0.76, which is the other value we have been using in the previous Section, we 
find 



P 



1.59 GeV" 2 . 



(6.32) 



Both predictions are less than 1 a from the experimental result in Eq. Q6.29|) . 

Next, we want to study the related process e + e~ — > uj , p° —>■ 7r°7. The Feynman 
diagrams for this transition can be obtained from diagrams in Figure |5] and Figure 
D by inserting an e + e~ pair in the off-shell photon leg. The cross section for this 
process is given by 



at 



(Q(p = M v ,s) + 1 



96 tP^ 

+ ( 1 -K 1 -^)j M?~ 



V=UJ, P ' 

2 



Mv - s - iy/sT 



(6.33) 
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where we have used the full expression for the vector propagator as suggested in Ref. 
||24|| . (In this Reference this cross section was given in the HGS model ]D^, jlB].) The 
function Ci(p,s) in Eq. (|6.33|) comes from chiral loops [p4 and has the following 
expression 



Clip,, s ) 
with 



F{m 2 , s) = m 2 (l - § ) ( I 



for x = -^j > 4 and 
m 



i) 1/2 ]n vg+ v^Ej _ 2m2 
XJ \/x - V x - 4 



F(m 2 ,s) = m 2 (1 - f) (| - 



1/2 



I ) arctan , / - ^ ^ —2 m 2 



(6.34) 



for x < 4 



The result we get for this cross section at the cu-mass peak using the set of parameters 
in Eq. (O) is 



cr e e 



-> 7T°7)| S=M 2 = 94 nb, 



(6.35) 



to be compared with the experimental result p8 



<r(e + e u, p ^ ir°j)\ i 



--mi 



(152 ± 13) nb. 



(6.36) 



If instead, we use the value for g& = 0.76 we find 



a 



(e + e — > lj, p — > 7r°7)| 



113 nb 



(6.37) 



The last result is better (3 a from the experimental result). 



6.3 ai-decays 

In this Section we shall study the decays corresponding to the axial-vector particle 
a\. These decays have been studied in Ref. [[27] at the quark- loop level within a 
different ENJL model. The results we find for these decays are presented in Table ^| 
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and the Feynman diagrams in Figure 0. This particle decays mainly into pir and the 
full width reported in Ref. p) ranges between 350 and 450 MeV. The amplitudes 
that we obtain for the transitions a\ — > p + 7T° and al — > p°7T + are 



A(af -> p + (pi)7T°(p 2 )) = -A(a+^p ( Pl )vr + (p 2 )) 



2 ((pi - (Pl+Ps)"^)) * )P2 " 



7^ 



+ A® (pteU -Vl 4)) < ai) P2„ 



(6.38) 



with the following corresponding decay rates 



\ a i a i / pol 



(6.39) 



We have also studied the direct decays into three pions of the a% axial-vector. 
The amplitude we get for the transition af — > 7r + 7r°7r° is the following 



A(at - 7t+( Pl )n (p 2 )7r°(p 3 )) = -i^eft) [( 7 (1) +7 (3) ) 
x ((pi-Pa)P3^ + (pi • Pa) P2,a0 + (27 (2) - 7 (1) + 27 {4) ) (P2-P3)pi l( u 



(6.40) 



and for — > 7r 7r + 7T 



A(a+^7r-( Pl )7r + (p2)7r+(p 3 )) = [2 + 7 (3) ) (ft-ft)*^ 

J 7T 

+ (2 7 ( 2 ) + 7 (3) + 2 7 W) ((pi .p 2 )p3 >At + (pi •p 3 )p2, Ai )' • 

(6.41) 

The experimental information we have is just on a x — > (7T7r) 5 7r decays, i.e. where 
two of the pions are in an S-wave. For this process there is an educated guess in Ref. 
H (the error is of the same order) for the experimental upper bound which is around 
3 MeV. If we assume that the reported partial width for the decay a\ — > (7r7r) 5 7r is 
only due to direct production and not to a possible intermediate scalar particle, i.e. 
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ai — > ao(/o) 7r - ► l 71 " 71 ")^ 71 " that would have been eventually detected, then we obtain 
the following amplitudes. For the transition a\ — > {it + it°) s it® , 

A(a* - (jr+(p,)>r (p 2 )) s .7r°(p 3 )) = 

-i^^+t") fe- ft) (P. •!>.); (&42) 

and for the — > (7r~7r + ) 5 7r + , 

A(a+ -> (7r-(p 1 )7r + (p 2 )) 5 7r + (p 3 )) = 

2V 



- ,2^2 ( 27 ( 2) + 7 ( 3 ) + 27 ( 4) ) . p3 ) (pi . p2) (6-43) 



The decay rate for a\ — > 7r 7r + 7r + (for — > 7r + 7r°7r° and — > (itit) s it are 
analogous) can be written as follows 

r( < - ^ + ' +) = 768^ / dB+ / ^ £ W ' <6 ' 44) 
with = £' 7r + ± E n - and the limits given by 

(^+)max = M ai — m n , (-E + ) m i n = t^ 1 + yj^f - ' 



m^ + M a 2 i -2 3 ;-2(M,V) mh 

m^+M a 2 i -2a;-2(M,V) [ 
2M ai 



(S-)max - 2~M^ ~~ ' (6.45) 

rr, 2 4- M 2 

I 



with 



( M ' + .-) min(max) = x) [(Ml -ml) 2 

- (AV^K + x), ml , m 2 ) + (-) A 1 /2(M a 2 1 , m 2 , 2(m 2 + x))) 



(6.46) 



x= Pl -p 2 = M ai E + - M "^ m " 
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Another interesting decay is al — > p +i y. The amplitude we obtain is 

(6.47) 



A(at - P + (ph(k)) = ilel^HerapefcefckPeh 



and the corresponding decay rate 

T(at - p+7) = & M ai (l - ||) 3 (l + . (648) 

Finally, we shall report on the decay af — > 7r + 7. The amplitude we get for this 
process is 



A(af -> n + (p)j(k)) = -i\e\ 



f A - 2V2a A 

(6.49) 



"277 



x (P + fc)" - e&, (P + *0") (4 7) ^ - 4 7) M 



and the corresponding decay rate 

M„ 3 - / ™2 



7T 



7) = a^(/,-2V2 Q .) 1-^, . (6JS0) 



The predictions for all these decays for the set of input parameters in Eq. (|6.2| ) 
are the ones in the column Prediction 1 in Table []. 

The result we obtain for the full width of the a± axial-vector from the results in 
the column Prediction 1 is Tfuii =261 MeV, to be compared with the experimental 
value quoted at the beginning of this Section (350 MeV < (Tfuii) < 450 MeV). 

In the column Prediction 2 we present the results obtained using the value g A = 
0.76. Given the poor experimental information we have on c^-decays, both sets of 
predictions in Table |B| are quite good. However, the full width for the a± axial- vector 
particle we obtain from the results in the column Prediction 2, Tfun = 359 MeV, is 
better when compared with the experimental result quoted above. 

6.4 K L -> 7r°7*7* -> Ti e + e~ 

The decay K L — > n°e + e~ has received a great deal of attention as a possible 
candidate for observing CP- violation effects (for a review see Ref. |]29||). The 
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Table 6: Partial widths in MeV corresponding to the ai-decays. 





Pypn 1 pfmn 1 


PTPnipfiori V 

J. 1CU.1UL1W11 — 


r.Y'np'riTnp'nt 

iJAUCI lllldlu 


aj — > p^n 


i on 

130 


1 70 

178 


dominant 


at -> p°7T+ 


129 


176 


dominant 


a} -> 7T + 7r 7T 


0.8 


1.9 




— > 7r _ 7r + 7r + 


1.0 


2.5 




at — > (7T7r)5 tt 


0.6 


1.4 


<3f) 


at -> p + 7 


5 ■ 10~ 3 


5 • 10~ 3 




— > 7r + 7 


0.52 


0.71 


0.64 ± 0.25 



This is an educated guess, the experimental error is of the same order 



state consists mostly of a CP-odd state Ki with a small mixing of the CP-even state 
Ki, 



K L ~K 2 + eK x 



(6.51) 



where |e| ~ 2.26 x 10 -3 is the standard CP-violation parameter in K —>■ txh decays. 
This decay is interesting because "direct" CP-violation in the i^ 2 -decay amplitude 
and "indirect" (e effect) CP-violation branching ratios are estimated to be of the 
3|. (Of the order of 10~ n 



same order |0[-|34[. (Of the order of 10" 11 |33] £4 

In addition to these CP-violating decay modes there is a two-photon exchange 
contribution to the transition Kl — > 7c°e + e~ which is CP-conserving. In order to 
interpret future experimental measurements of this decay it is crucial to elucidate 
if this decay mode may compete or not with the CP-violating one-photon exchange 
contributions. The two-photon exchange decay mode was studied in Ref. [0 at 
0(p A ) in the context of chiral perturbation theory and was shown to be suppressed 



at this order jSO), |3l |. At 0(p ) there is a vector meson exchange diagram (shown 
in Figure |8|) for the CP-conserving two-photon exchange contribution which a priori 



could be potentially large |55| and may compete with the one-photon CP-violating 
decay modes. We can make a prediction for the absortive 0(p 6 ) vector meson 
dominance (VMD) contribution to the process — > 7r°7*7* — > 7i°e + e~ in the 
model we are considering. To this VMD prediction one must add further direct 
weak 0(p 6 ) contributions, as was pointed out in Ref. p6[. In this Reference, the 



whole 0(p 6 ) contribution to Kl — > 7r°7*7* — > 7r°e + e was estimated by using the 
so-called "weak deformation" model. Disregarding the 0{p A ) helicity suppressed 
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contributions, these authors find 

BR (K 2 -> 7r°e+e-) | Abs ~ 4Aa 2 v 10~ 12 



(6.52) 



with 



_ 512ir 2 h v m 2 K o 
Kl = ^ (6-53) 



where hy is the vector coupling introduced in the Lagrangian in Eq. (|2.9|) and the 
intermediate resonance V denotes the p° and u vector particles. 

With our determination of this coupling and using the set of input parameters in 
Eq. ( |6.2|) , we obtain hy = 0.030 which leads to 

\a v \ = 0.21. 

1 1 (6.54) 

If we use the higher value for qa = 0.76, which as we have seen is favoured by the 
overall data on spin-1 particle decays, then we obtain hy = 0.033 which leads to 

\a v \ = 0.25. 

1 1 (6.55) 

These values for \ay\ are in good agreement with the different phenomenological 
estimates |36[ made for the branching ratio in Eq. ( |6.52 ). 



Recently, a measurement of the branching ratio for the CP-conserving decay 
Kl — > 7r°77 has been reported by the NA31 experiment at CERN J37|. This mea- 
surement gives the following bounds at 90 % C.L., 

-0.32 < a v < 0.19. 

(6.56) 

7 Conclusions 

In this work we have studied in the context of the ENJL cut-off model considered 
in Ref. QXJ] the anomalous and non-anomalous sectors of the chiral Lagrangian for 
spin-1 particles to 0(p 3 ), including terms with two spin-1 particles. In this model, 
spin-1 particles are introduced not as gauge fields, in contrast to models in Refs. 



[I5|-|18|, but as fields which transform homogeneously. This feature gives rise to a 
formal symmetry of the QCD effective action (see Section |3|), first noticed in Ref. [l|], 
that we use extensively troughout the text. We have calculated 8 couplings in the 
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anomalous sector and 28 in the non-anomalous sector, both for terms involving spin- 
1 particles. In particular, we have given the dependence of these anomalous and non- 
anomalous couplings on the axial-coupling g&. In this ENJL model, all the couplings 
we have calculated here and those in the strong chiral Lagrangian describing the 
interactions between Goldstone bosons |lj can be determined as functions of just 
three parameters, namely g& , defined in Eqs. ( |3.15| ) and ( |6.1D , x = Mq/ A£ and Mq. 
Taking the values for these three parameters that fit the chiral 0(p 2 ) and 0(p A ) low- 
energy couplings (see Ref. 0) we have given predictions for the following low-energy 
processes: V — *> Try, V — > tttttt, V — > ir-rcy, V — > V'j, V — > V'tt, A — > tttttt, A — > 717, 
A — > V"7r and A — > at low orders in the chiral expansion. The vector meson 
dominance limit predictions for tt° — > 77* and If^ — >■ 7r°7*7* — > 7r°e + e~ processes 
have also been discussed. The results are, in general, in good agreement with the 
present experimental data taking into account that they have been obtained in the 
chiral limit. In addition, we make predictions for decay rates which can be measured 
in future low-energy experiments. We have also seen that the available overall data 
on spin-1 decays prefer a slightly higher value for the axial coupling g^ than the 
one reported in Ref. [0] obtained from a fit to the low-energy data to chiral 0(p 4 ). 
In conclusion, we find that the ENJL model we have been considering reproduces 
quite well a large variety of low-energy processes where spin-1 particles are involved 
and the predictions we make depend on just a small number of parameters (three) 
which can be fixed from other low-energy transitions. 
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FIGURE CAPTIONS 



Figure [|: Diagrams contributing to the process V — > P7 (P — > V7). 

Figure 0: Pion and kaon chiral loops contribution to the process p —>■ nj. 

Figure Diagrams contributing to the process V — > mm. 

Figure [|: Diagrams contributing to the process V — > PiP 2 r y. 

Figure [|: Pion and kaon chiral loops contribution to the process P° — ► 77*. 

Figure []: Vector-exchange contribution to the process P° — > 77*. 

Figure [7|: Diagrams for the ai-decays. 

Figure H: Vector-exchange contribution to the ii^ — > 7r°7*7* — > 7r°e + e~ transition. 
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